Abstract: Adequate management of indoor air quality (IAQ) in healthcare units has relevant impacts on sustainability performance due to its effects on patient safety, occupational health and safety, and energy consumptions. This study sought to identify improvement opportunities on IAQ management by collecting and analyzing experimental data of selected parameters in three healthcare units in Portugal: Two general hospitals and one primary healthcare center. Indoor air temperature, relative humidity, CO 2 , bacteria, and fungi concentrations were measured in summer and winter campaigns in June/July 2017 and in January/March 2018. Results show that the exclusive use of natural ventilation is not adequate when the affluence of users is high, but the analyzed parameters revealed acceptable results under low occupation intensity conditions. Results also show that keeping low indoor air relative humidity has a significant impact in reducing fungi concentration and that there is a significant correlation at the 0.05 level between indoor air CO 2 concentration and bacterial loads. Therefore, as opportunities to improve sustainability, IAQ management in healthcare facilities should consider natural ventilation as a complement to mechanical ventilation systems and should focus on adequate control of indoor air relative humidity and CO 2 concentration to reduce the risk of airborne infections.
Introduction
Sustainable healthcare systems need to balance economic, social, and ecological interests, in a comprehensive approach and with a long-term focus [1] . Healthcare sustainability management faces the challenge of providing high quality healthcare services with limited financial resources, attending the needs and expectations of patients and healthcare professionals, and minimizing negative environmental impacts [1, 2] . Europe uses about 10% of the Gross Domestic Product in construction and operation of healthcare buildings [3] , and the shift of the healthcare market from volume-based to value-based demonstrates the importance of adequate sustainability management in healthcare organizations [4] . Sustainability management programs, with their corresponding control systems, are nowadays common practice in many healthcare facilities, with recognized positive effects on performance [2, 4] . The comparison of different healthcare organizations practices is a relevant benchmarking tool to search for improvement opportunities regarding the environmental and societal quality of the service provided while enhancing adequate economic and financial performances [2, 3] .
It is widely recognized that healthcare facilities are major energy consumers [3] [4] [5] [6] [7] and, according to Carnero [2] , European hospitals are responsible for 5% of the CO 2 emissions of the European IAQ management were also measured: Temperature, relative humidity, and CO 2 concentration. The sampling campaigns were planned to compare the referred parameters in selected rooms performing similar activities, located in different healthcare units, and also to compare the IAQ parameters of a given location under different activity conditions (normal and emergency/urgent care), and during different seasonal periods (winter/summer). Results suggest that the use of natural ventilation should be considered as a complement to mechanical ventilation systems in IAQ management in healthcare facilities, reducing energy consumption and therefore improving environmental and economic sustainability performances. Results also show that adequate control of relative humidity and CO 2 concentration in the indoor air of healthcare facilities could effectively reduce the risk of airborne infections.
Materials and Methods

Healthcare Units
This study focuses on the characterization of selected IAQ parameters in three healthcare units located in the northwest region of Portugal: Two general hospitals (H1 and H2), and a health center (HC) that provides primary healthcare for outpatients through planned consultations and treatments, and also acts as an urgent care center. The healthcare units under study are within 20 km distance of each other.
H1 has 190 beds, 515 healthcare workers, and was inaugurated in 2012. H2 operates in a 20-year-old building with a total of 350 beds and counts 1800 healthcare workers. The health center HC serves a population of 30,000 inhabitants and counts 135 healthcare workers, operating in a building from the XIX century. In the health center HC, primary healthcare services are available on week days, and urgent care is available on week nights and weekends.
In hospitals, H1 and H2 indoor air quality are assured by mechanical ventilation, with air treatment units located on the top floor of the buildings. Ventilation flows are operated according to procedures defined by the ventilation and air conditioning project engineers. Natural ventilation may occur through window and door opening, although there is no specific procedure defined for this process. No mechanical ventilation system exists in the health center HC: Indoor air renovation depends exclusively on natural ventilation, and thermal comfort is controlled with window air-conditioners. Again, there is no specified procedure regarding the frequency of window or door opening for indoor air renovation.
IAQ Characterization Campaigns
Indoor and outdoor air bacteria and fungi concentrations were measured with a SAS DUO 360 air sampler (VWR International, Milan, Italy) that collected 200 L air samples, at a flow rate of 180 L·min −1 , in tryptic soy agar (TSA) for bacteria and malt extract agar (MEA) for fungi. The samples were then incubated at 37 • C (for bacteria) and at 25 • C (for fungi) to quantify colony-forming units. When the air sample was collected for the microbiological determinations, other indoor air parameters, in the scope of IAQ management, were registered: Temperature, relative humidity, and CO 2 concentration. These parameters were measured using a calibrated KIMO probe connected to a data logger KIMO AQ 200 (Saurmann Industrie, Chevry-Cossigny, France).
Sampling followed the technical recommendations of the ISO 16000 series [32] [33] [34] : The measurement location in each room was separated by at least 1 to 2 m from the walls, the influence of possible interferences was avoided, and the sampling devices were located 1.5 m above ground level for evaluation at the breathing zone. In all campaigns in hospitals H1 and H2, duplicate samples were collected to ensure sampling accuracy. However, in the health center HC it was not possible to collect duplicate samples due to experimental constrains. The time of the day selected for sampling followed the recommendations of the healthcare staff and management, in order to be representative of typical conditions in each sampled room: All rooms had been in regular use for at least two hours, and room occupancy was stable during sample collection.
Campaigns were planned to characterize the selected IAQ parameters on:
(1) Similar rooms in different healthcare units: Consulting, treatment, and waiting rooms at H1, H2 and HC, and hospital wards at H1and H2; (2) Similar rooms under different weather conditions: Summer and winter campaigns at the general hospitals H1 and H2; (3) The same healthcare unit under different working conditions: At HC and H2, campaigns were performed both during normal operation and emergency/urgent care assistance.
The summer campaigns took place in June and July 2017, and the winter campaigns were performed between January and March 2018.
Data Analysis
The Shapiro-Wilk test was used to analyze the normality of the experimental data. The results obtained enabled the utilization of parametric statistical tests [35] . The results obtained for the selected indoor air quality parameters (air temperature, relative humidity, CO 2 concentration, bacteria, and fungi concentrations) were compared by two-way analysis of variance (ANOVA) for different healthcare units (H1, H2, and HC) operating in different conditions (normal and emergency/urgent care). Due to the presence of interaction effects, data were separated into groups: Different healthcare units and working conditions were compared separately using one-way ANOVAs with Tukey post hoc comparisons. A t-test was used to compare the results of all measured parameters between summer and winter seasons for the two hospitals operating under normal conditions. To analyze the relation between indoor air measured parameters, the Pearson correlation test was applied to all results. Statistical analysis was carried out with IBM Statistical Package for the Social Sciences (SPSS Statistics) version 25.
Results
The results obtained with the indoor sampling campaigns for all locations and analyzed parameters are presented in Table 1 . Results show that indoor CO 2 concentration varied between 405 ppm and 1870 ppm; indoor air temperature between 19.3 • C and 25.8 • C; indoor air relative humidity between 25.8% and 65.5%; indoor air microbiological loads varied between 85 CFU·m −3 and 585 CFU·m −3 for bacteria, and between 5 CFU·m −3 and 395 CFU·m −3 for fungi. Room occupancy was a concern in the IAQ characterization campaigns and, therefore, similar rooms were analyzed in equivalent occupancy ranges (Table 1) .
Portuguese legislation on indoor air quality [36] sets the limit of 1250 ppm for CO 2 concentration, requires fungi concentration to be lower in indoor air than in outdoor air (fungi in-out < 0 CFU·m −3 ), and sets the difference between bacteria concentration in indoor air and outdoor air (bact in-out) to be below 350 CFU·m −3 . The results presented in Table 1 show that limits provided by the Portuguese legislation were exceeded in two rooms in hospital H2 and in four rooms in the health center HC. In hospital H1 all results obtained were in compliance with the Portuguese legislation.
Nonetheless, the European Standard EN 15251-2007 recommends that in category I buildings (occupied by very sensitive and fragile persons), indoor air relative humidity should be kept between 30% and 50%, and indoor air temperature between 21.0 • C and 25.5 • C [37] . These values were not always verified at these healthcare facilities: In the health center HC, indoor air relative humidity was systematically above 50%, H2 showed several results in which indoor air relative humidity was below 30% in the winter season, and in H1 all sampled rooms had indoor air relative humidity above 50% in the summer. 
Comparison of Analyzed IAQ Conditions in the Three Healthcare Units
Results from the winter campaigns were classified in five groups: Normal working conditions for H1, for H2 and for HC, and emergency/urgent care for H2 and for HC. A two-way ANOVA showed that there is an interaction between the effects of the factors "healthcare unit" and "working condition" on most of the analyzed parameters, except for indoor air temperature and relative humidity ( Table 2) . Figures 1 and 2 show the estimated marginal means for the analyzed parameters for the five groups considered in this analysis. This type of graph is recommended for analyzing the results of a two-way ANOVA since it enables an easy interpretation of the interaction between the two independent variables: Non-parallel lines suggest the existence of relevant interactions [38] .
Given that the effect of the factor "healthcare unit" depends on the effect of the factor "working conditions", a one-way ANOVA tested differences in the results, considering these factors separately: All analyzed parameters were compared in the three healthcare units under normal working conditions for H1, H2, and HC, and, when significantly different, healthcare units were compared in pairs using Tukey post hoc ( Table 2 ). The analyzed parameters in hospital H2 and the health center HC under emergency/urgent care conditions were also compared ( Table 2 ). The analysis of Figures 1 and 2 , combined with the results of these statistical tests (p-values and partial eta squared), show that:
(1) Under normal working conditions, the two hospitals showed no differences on most analyzed parameters, with the exception of indoor air relative humidity (higher in hospital H1), and the difference fungi in-out (higher in hospital H2). (2) Under normal working conditions, most of the analyzed parameters in the health center HC were different from those of hospitals H1 and H2: Air temperature and the bacteria in-out difference were lower in HC, whereas relative humidity and fungi concentration were higher in HC. No significant differences were found in indoor air CO 2 and bacteria concentrations between HC and hospitals H1 and H2, and in the fungi in-out difference between HC and hospital H1. (3) Under emergency/urgent care conditions, all the analyzed parameters showed significant differences when comparing the health center HC with hospital H2: HC showed higher results for indoor air CO 2 , bacteria and fungi concentrations, relative humidity, and for the bacteria in-out and fungi in-out differences; indoor air temperature was lower in HC.
To exclude the effect of the "healthcare unit" factor, a one-way ANOVA compared the results of the analyzed parameters in hospital H2 under normal and under emergency/urgent care working conditions. The same test was performed on the analyzed parameters in the health center HC for both these working conditions (Table 2 ).
(1) In hospital H2 significant differences were found between microbiological parameters under normal and under emergency/urgent care working conditions: Indoor air bacteria concentration, bacteria in-out and fungi in-out differences were higher under normal working conditions. (2) In the health center HC, the higher values obtained for bacteria in-out and fungi in-out in emergency/urgent care situations are statistically relevant. Although Figures 1 and 2 show higher values for indoor air CO 2 and bacteria concentrations in emergency/urgent care conditions, these differences are not significant at a 0.05 significance level. 
Seasonal Variation of IAQ
In selected rooms in hospitals H1 and H2, IAQ characterization campaigns were performed both in the summer and winter seasons. Given that in the previous section it was shown that, under normal 
In selected rooms in hospitals H1 and H2, IAQ characterization campaigns were performed both in the summer and winter seasons. Given that in the previous section it was shown that, under normal working conditions, both hospitals had similar results for the analyzed parameters, all the results of hospitals H1 and H2 obtained for normal working conditions were used to analyze seasonal variations of IAQ. Figures 3 and 4 present the boxplots for the analyzed parameters, showing that indoor air temperature and indoor relative humidity are higher in the summer, indoor air CO 2 concentrations are higher in the winter, and indoor fungi concentrations are higher in the summer. Figure 4 also shows that the differences found between indoor and outdoor microbiological loads are higher in the winter when windows are more frequently closed and, therefore, less outside air is introduced by natural ventilation processes.
A t-test confirmed significant differences (p <0.05) between summer and winter results for most parameters analyzed (Table 3) , with the exception of indoor bacteria concentrations.
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Discussion
The experimental results obtained show that healthcare units using mechanical ventilation (hospitals H1 and H2) have similar IAQ conditions, for the parameters under study, and are generally in compliance with the recommended standards for IAQ in healthcare units regarding indoor air CO 2 concentration and microbiological loads [36, 37] .
Given that in emergency/urgent care assistance the affluence of users is high, the occupation intensity is higher under these working conditions: The number of different people present inside the room during one working hour is expected to be higher in emergency/urgent care conditions. In hospital H2, the good results for the analyzed parameters found under emergency/urgent care conditions show that mechanical ventilation controls were effective even for high occupation intensity patterns. On the other hand, the natural ventilation system of the health center HC showed limitations in providing adequate IAQ during emergency/urgent care attendance: In some cases, indoor air CO 2 concentrations and microbiological loads exceeded limits established by the Portuguese legislation.
The compliance with the 30 to 50% recommended values for indoor air relative humidity [37] seems to be a challenge for IAQ control systems: In hospital H1 the ventilation systems are capable of providing adequate values for indoor air relative humidity in the winter, but fail to keep this parameter below 50% in the summer; on the other hand, the ventilation system of hospital H2 shows a good performance regarding indoor air relative humidity in the summer, but in the winter this parameter is systematically below 30%. Low outdoor humidity in cold seasons, typical of the Portuguese climate characteristics, combined with indoor heating, may explain these low indoor air relative humidity values, which may threaten occupants health causing skin problems, nasal dryness, and nasal congestion [21, 39] . On the other hand, high indoor air relative humidity promotes the growth and transfer of airborne microorganisms and therefore increases the risk of infection [17, 21, 28, 40] .
Microbiological loads in indoor air are of the utmost importance in healthcare units since the aerial dissemination of pathogens is a major cause of nosocomial infections. The presence of fungi in indoor air results mainly from outdoor air contamination, combined with the occurrence of favorable environmental conditions, namely high temperature and relative humidity [12, 17, 25, 28, 31, 40, 41] . Figure 5 shows the experimental results of indoor air relative humidity and indoor fungi concentration, illustrating a significant moderate positive correlation between these IAQ parameters (ρ Pearson = 0.562, p-value (two-tail) = 0.002). The highest values for indoor fungi concentration occur for relative humidity above 50% ( Figure 5 ). Therefore, keeping indoor air relative humidity below this value is expected to reduce airborne infection transmission risks. In indoor air, people are the main source of bacteria and CO2, and therefore both these parameters are related to indoor activities and occupation patterns [24, 40, 41] . Yang et al. [24] report a positive correlation between indoor air CO2 concentration and bacteria concentration, suggesting that CO2 concentration could be used as an indicator of indoor air bacterial contamination. The confirmation of this correlation could be of great importance in healthcare sustainability management since real-time monitoring of CO2 concentration is technically viable and cost effective, and could provide real-time information regarding indoor air bacterial quality. The experimental results obtained in the present study were used to test this correlation between indoor air CO2 and bacteria concentrations. The results ( Figure 6 ) confirm a significant moderate positive correlation (ρPearson = 0.526, p-value (two-tail) = 0.004) described in Yang et al. [24] . Despite the high data dispersion illustrated in Figure 6 , this positive correlation-obtained with data from different healthcare units, with different occupation intensities, and in different seasons-suggests that monitoring indoor CO2 concentration and implementing control practices targeting lower CO2 concentration values, would lower the probability of achieving high bacterial loads, and therefore reduce the risks of transmitting airborne infections. IAQ characterization campaigns revealed seasonal variation for most of the analyzed parameters, as reported in other studies focusing IAQ in healthcare units [40] [41] [42] . The higher values obtained for indoor air CO2 concentrations in the winter are explained by the decreased frequency in window and door opening due to external unfavorable weather conditions. On the other hand, in the summer, the higher values of indoor air temperature and relative humidity result in an increase in In indoor air, people are the main source of bacteria and CO 2 , and therefore both these parameters are related to indoor activities and occupation patterns [24, 40, 41] . Yang et al. [24] report a positive correlation between indoor air CO 2 concentration and bacteria concentration, suggesting that CO 2 concentration could be used as an indicator of indoor air bacterial contamination. The confirmation of this correlation could be of great importance in healthcare sustainability management since real-time monitoring of CO 2 concentration is technically viable and cost effective, and could provide real-time information regarding indoor air bacterial quality. The experimental results obtained in the present study were used to test this correlation between indoor air CO 2 and bacteria concentrations. The results ( Figure 6 ) confirm a significant moderate positive correlation (ρ Pearson = 0.526, p-value (two-tail) = 0.004) described in Yang et al. [24] . Despite the high data dispersion illustrated in Figure 6 , this positive correlation-obtained with data from different healthcare units, with different occupation intensities, and in different seasons-suggests that monitoring indoor CO 2 concentration and implementing control practices targeting lower CO 2 concentration values, would lower the probability of achieving high bacterial loads, and therefore reduce the risks of transmitting airborne infections. In indoor air, people are the main source of bacteria and CO2, and therefore both these parameters are related to indoor activities and occupation patterns [24, 40, 41] . Yang et al. [24] report a positive correlation between indoor air CO2 concentration and bacteria concentration, suggesting that CO2 concentration could be used as an indicator of indoor air bacterial contamination. The confirmation of this correlation could be of great importance in healthcare sustainability management since real-time monitoring of CO2 concentration is technically viable and cost effective, and could provide real-time information regarding indoor air bacterial quality. The experimental results obtained in the present study were used to test this correlation between indoor air CO2 and bacteria concentrations. The results ( Figure 6 ) confirm a significant moderate positive correlation (ρPearson = 0.526, p-value (two-tail) = 0.004) described in Yang et al. [24] . Despite the high data dispersion illustrated in Figure 6 , this positive correlation-obtained with data from different healthcare units, with different occupation intensities, and in different seasons-suggests that monitoring indoor CO2 concentration and implementing control practices targeting lower CO2 concentration values, would lower the probability of achieving high bacterial loads, and therefore reduce the risks of transmitting airborne infections. IAQ characterization campaigns revealed seasonal variation for most of the analyzed parameters, as reported in other studies focusing IAQ in healthcare units [40] [41] [42] . The higher values obtained for indoor air CO2 concentrations in the winter are explained by the decreased frequency in window and door opening due to external unfavorable weather conditions. On the other hand, in the summer, the higher values of indoor air temperature and relative humidity result in an increase in IAQ characterization campaigns revealed seasonal variation for most of the analyzed parameters, as reported in other studies focusing IAQ in healthcare units [40] [41] [42] . The higher values obtained for indoor air CO 2 concentrations in the winter are explained by the decreased frequency in window and door opening due to external unfavorable weather conditions. On the other hand, in the summer, the higher values of indoor air temperature and relative humidity result in an increase in microbiological loads, particularly detected in fungi concentration. Other studies also report indoor air fungi concentrations in healthcare facilities to be higher in the summer [40, 42] . The effect of higher temperature and relative humidity on indoor air bacteria concentration in the summer is balanced with the decreased door and window opening in the winter, and therefore the seasonal effect on this parameter is not clear in our results.
Conclusions
The results obtained in this study show that there are improvement opportunities for sustainability management on the scope of IAQ monitoring and control in healthcare facilities.
Natural ventilation mechanisms are cost-effective solutions to control IAQ, and the results of the sampling campaigns in the health center HC under normal working conditions show its effectiveness for the parameters analyzed in this study. However, results have also shown that using exclusively natural ventilation failed to assure adequate IAQ conditions in the higher occupation intensity patterns occurring in emergency/urgent care situations. With adequate outdoor air quality conditions, there is an interesting potential in the use of natural ventilation as a complement to mechanical ventilation in IAQ management in healthcare facilities, reducing energy consumption and therefore improving environmental and economic sustainability performances.
The effect of indoor air relative humidity in indoor fungi concentration is widely described in the literature, as stated above. Although the recommended values for indoor air relative humidity in healthcare facilities are in the range 30-50%, our results show that keeping relative humidity closer to the lower limit has a significant effect on reducing fungi concentration, consequently lowering the risk of airborne infections. Adequate control of indoor relative humidity is particularly important in the summer months when fungal concentrations tend to be higher.
The positive correlation found in our results between indoor air CO 2 and bacteria concentrations indicates that real-time monitoring and control of CO 2 loads in healthcare facilities is an adequate and cost-effective solution that would also lower the probability of nosocomial infections.
The conclusions of this research are limited to the assumption that the results obtained are representative of the typical IAQ conditions of each sampled room. Although this study comprised measurement campaigns in several rooms of three different healthcare units, with different IAQ control mechanisms, and in different working conditions, the generalization of these conclusions requires further studies focusing IAQ characterization campaigns in other healthcare units. In addition, the characterization of the fungi and bacteria species present in indoor air of healthcare units could provide relevant information regarding the risk of airborne infections, and therefore is suggested as future research. 
